Wang NC, Chicos A, Banthia S, Bergner DW, Lahiri MK, Ng J, Subačius H, Kadish AH, Goldberger JJ. Persistent sympathoexcitation long after submaximal exercise in subjects with and without coronary artery disease. Am J Physiol Heart Circ Physiol 301: H912-H920, 2011. First published June 10, 2011; doi:10.1152/ajpheart.00148.2011.-There is an increased risk of cardiac events after exercise, which may, in part, be mediated by the sympathoexcitation that accompanies exercise. The duration and extent of this sympathoexcitation following moderate exercise is unknown, particularly in those with coronary artery disease (CAD). Twenty control subjects (mean age, 51 years) and 89 subjects with CAD (mean age, 58 years) underwent two 16-min bicycle exercise sessions followed by 30 -45 min of recovery. Session 1 was performed under physiological conditions to peak workloads of 50 -100 W. In session 2, parasympathetic blockade with atropine (0.04 mg/kg) was achieved at end exercise at the same workload as session 1. RR interval was continually recorded, and plasma catecholamines were measured at rest and selected times during exercise and recovery. Parasympathetic effect, measured as the difference in RR interval with and without atropine, did not differ between controls and CAD subjects in recovery. At 30 and 45 min of recovery, RR intervals were 12% and 9%, respectively, shorter than at rest. At 30 and 45 min of recovery, plasma norepinephrine levels were 15% and 12%, respectively, higher than at rest. A brief period of moderate exercise is associated with a prolonged period of sympathoexcitation extending Ͼ45 min into recovery and is quantitatively similar among control subjects and subjects with CAD, with or without left ventricular dysfunction. Parasympathetic reactivation occurs early after exercise and is also surprisingly quantitatively similar in controls and subjects with CAD.
sympathetic activity; catecholamines REGULAR PHYSICAL ACTIVITY is known to be associated with lower rates of sudden cardiac death and overall mortality in individuals without established coronary artery disease (CAD) (25) . Based on meta-analyses, which have extolled the benefit of exercise in patients with CAD, it is now routinely prescribed for secondary prevention (26) . Although exercise is thought to have an overall beneficial effect, vigorous exercise has been demonstrated as a potential trigger for sudden cardiac death (1, 4) , sustained ventricular tachyarrhythmias (12, 24) , and myocardial infarction (30) . Although the exact mechanism by which this occurs is not completely understood, the autonomic nervous system is thought to play an important role.
The increase in heart rate that accompanies exercise is due to a combination of parasympathetic withdrawal and sympathetic activation (2) . The early, rapid decrease in heart rate after cessation of exercise is believed to be predominantly due to parasympathetic reactivation (15, 22) , although withdrawal of sympathoexcitation has also been suggested to be the predominant factor (36) . Several findings relate the autonomic milieu of exercise and the postexercise recovery period to outcomes. A blunted decrease in heart rate 1 min after cessation of exercise has been reported to be predictive of overall mortality (8, 9, 18, 39) . Abnormal heart rate recovery after exercise has also been linked to an increase in sudden death (20) . Diminished heart rate recovery in the postexercise recovery period may be due to blunted parasympathetic reactivation or persistent sympathetic activation. Circulating catecholamines from increased sympathetic activity are felt to be a possible trigger for rupture of vulnerable plaques, which may precipitate sudden cardiac death (4) .
The Determinants of Myocardial Infarction Onset Study examined the relative risks of myocardial infarction, a common precipitant of sudden cardiac death, in 1-h increments for 5 h consecutively after a bout of heavy physical exertion (30) . Although they determined that individuals were at greater susceptibility for only the 1 h immediately after exertion, it is unknown whether the risk persists for the entire first hour or only a portion of it. The Physicians= Health Study (1) considered the 30 min after an episode of vigorous exercise to be a period of risk associated with exercise, but no rationale or data were provided for the choice of this time period. Thus the purpose of this study was to characterize sympathetic and parasympathetic nervous system contributions toward heart rate recovery after submaximal exercise in subjects with established CAD and to assess when heart rate recovers completely.
METHODS

Study population.
A control group of 20 subjects without cardiac disease were studied and a group of 89 subjects with CAD were studied. Control subjects older than 45 years were recruited to have a similar age profile to the patients with CAD. Control subjects had to have normal physical examinations, ECGs, hematocrits, and serum electrolytes. Subjects with cardiac complaints (chest pain, shortness of breath, palpitations, dyspnea, on exertion), a cardiac history, or those taking cardioactive medications were excluded. Subjects with other major systemic illnesses (i.e., asthma, diabetes mellitus) were also excluded. In addition, only subjects who indicated that they participated in regular aerobic exercise a minimum of 60 min per week were studied. Highly trained endurance athletes were excluded.
For the CAD group, 89 patients underwent the study protocol. CAD was defined as Ͼ50% stenosis of at least one coronary artery on angiography or a documented history of myocardial infarction. Subjects were excluded if they had an acute coronary syndrome, percutaneous coronary intervention or coronary artery bypass graft surgery within the past 3 mo, objective evidence of stress-induced myocardial ischemia without revascularization, ongoing arrhythmias (e.g., atrial fibrillation or frequent atrial or ventricular ectopy), pacemaker dependency, diabetes mellitus, or other conditions that could affect autonomic function. Subjects must have been on a stable medication regimen for the 3 mo preceding their participation in the study.
For proper dosing of atropine, all subjects must have weighed Ͻ90 kg to be included. All subjects provided written informed consent. The study was approved by the Northwestern University Institutional Review Board.
Study protocol. The study protocol consisted of three separate visits. On the first visit, subjects performed a symptom limited cardiopulmonary exercise stress test using the Bruce protocol to determine maximal exercise capacity. Standard 12-lead ECGs and systolic and diastolic blood pressures, measured using a standard cuff sphygmomanometer, were obtained at rest, at the end of each stage of exercise, and during the recovery period. Breath-by-breath respiratory gas analysis for measurement of oxygen and carbon dioxide was obtained online at rest, throughout exercise, and during the recovery period, using a Medical Graphics Cardio-2 metabolic exercise cart (Minneapolis, MN). The subject's rating of perceived exertion (RPE) on the Borg Scale and respiratory exchange ratio were recorded at the end of each stage and at peak exercise. The peak exercise V O2 value was defined as the highest V O2 value achieved at end-exercise after reaching anaerobic threshold. The V O2 at anaerobic threshold values were determined as the point at which expired carbon dioxide increased in a nonlinear fashion relative to the rate of oxygen consumption by the V-slope method. The V O2 at anaerobic threshold value for each subject was visually noted by an independent cardiopulmonary exercise-testing specialist. The RPE, peak exercise V O2, and exercise duration were recorded.
On the second and third visits, subjects underwent a submaximal exercise protocol while seated on a bicycle ergometer (SciFit Pro II; Tulsa, OK). Indwelling intravenous catheters were placed in each arm for drug infusions and blood draws, as needed. The 12-lead ECG and blood pressure were recorded at rest after assuming a seated resting position for at least 5 min. Continuous 12-lead ECG monitoring was performed for a 5-min rest period, a 16-min exercise period, and a 30 -45 min recovery period. Subjects were instructed to exercise, maintaining pedal speed at 80 revolutions per minute. The exercise protocol began with a workload of 50 watts, followed by increases to 75 watts at 4 min and 100 watts at 8 min, as tolerated by the subject. Blood samples for determination of plasma epinephrine and norepinephrine levels were taken during the rest period, at minutes 8 and 15 of exercise, and during the recovery period. The third visit was identical to the second visit except that intravenous atropine (0.04 mg/kg) was administered in four divided doses (0.01 mg/kg every 30 s) beginning at minute 12 of exercise to achieve parasympathetic blockade (19) .
After completion of 25 subjects, a persistent elevation in the heart rate was observed at the end of the 30-min postexercise recovery period. In addition, elevation in the plasma norepinephrine level at minute 10 of the postexercise recovery period was also present. Therefore, the monitored time in recovery was extended to 45 min and additional catecholamine samples were taken at minutes 20 and 30 in the postexercise recovery period. After completion of an additional 31 subjects with CAD, persistent elevation in the plasma norepinephrine level 30 min into the postexercise recovery period prompted the addition of plasma epinephrine and norepinephrine samples at 45 min postexercise. All 20 control subjects had a 45-min recovery period and a blood catecholamine sample 45 min postexercise.
Data analysis. Continuous 12-lead ECG recording was performed using a commercially available system (Quest Exercise Stress System; Burdick, Deerfield, WI). ECG data were analyzed with custom software using the MATLAB program (Mathworks, Natick, MA). QRS detection was performed using a template matching algorithm. First, median templates of the QRS complexes were generated from a 10-s segment for each of the ECG leads using a slope based detection algorithm with the point of maximum negative slope chosen as the fiducial point. The cross-correlations of the templates with their respective signals were then summed across all leads, and the QRS complexes were detected by finding the peaks of the resulting signal that exceeded a third of the maximum value. After manually identifying premature atrial and ventricular beats, the RR interval preceding the premature beat and the two RR intervals following the premature beat were excluded from further analysis.
The %RR interval recovery was calculated at 30 and 45 min of recovery using the RR interval at the end of the respective recovery period (RRe), the RR interval at peak exercise (RRp), and the RR interval at rest (RRr) as reference points: %RRRecovery ϭ (RRe Ϫ RRp)/(RRr Ϫ RRp).
The parasympathetic effect on the RR interval during recovery was quantified by the difference between the RR interval during the baseline test and the RR interval noted after parasympathetic blockade with atropine (22) : ⌬RR ϭ RR baseline Ϫ RRatropine.
Heart rate recovery at 1 min (HRR) was defined as: HRR ϭ heart rate at peak exercise Ϫ heart rate at 1 min of recovery.
Heart rate variability (HRV) was calculated from the resting (seated) 5-min ECG data. Time domain measures calculated were the standard deviation of all normal RR intervals and the root mean square of successive RR interval differences. Frequency-domain measures of HRV were calculated for the recordings obtained during the 5-min resting period. First, the RR intervals were resampled at 4 Hz and then linearly detrended. After a Hanning window was applied, the power spectrum was calculated using the fast Fourier transform. Low frequency (LF) power was measured in the 0.04 -0.15-Hz band. High frequency (HF) power was measured in the 0.15-to 0.4-Hz band. The natural logarithm of LF and HF were used for analysis.
Statistical analysis. For purpose of analysis, subjects with CAD were divided into two groups: those with preserved left ventricular ejection fraction (LVEF Ն 50%; n ϭ 70) and those with depressed LVEF (LVEF Ͻ 50%; n ϭ 17); one subject was excluded from analysis in the preserved LVEF group due to frequent atrial ectopy and one was excluded from the depressed LVEF group since only baseline data were obtained.
Baseline demographics among the controls and the two CAD groups were compared with ANOVA or 2 -tests, as appropriate. Wilcoxon nonparametric test was used for non-normally distributed continuous variables, and Fisher's Exact test was used for categorical outcomes with low cell counts. RR interval and catecholamine data were modeled using mixed effects repeated-measures methodology. Nineteen of the 61 RR measurements that were obtained during the study were selected for modeling: rest; exercise minutes 1, 4, 8, and 12-16 ; as well as recovery minutes 1-5, 10, 20, 30 , and 45. To better approximate a normal distribution, catecholamine data were transformed using the natural logarithm. Results of the mixed effects models are reported as means Ϯ SE. Conventional multiple leastsquares regression was used to model %RR recovery and HRR. Missing data were imputed with CAD group means for multiple regression analyses. We evaluated the subject characteristics as predictors of HRR and %RR recovery at 30 min to assess whether the predictors for HRR and %RR recovery at 30 min were similar. Variables were included in the multivariable model only if their univariate associations yielded P values less than 0. 20 .
P values less than 0.05 were considered statistically significant.
RESULTS
Baseline characteristics.
The baseline characteristics of all subjects are shown in Table 1 . The control subjects were slightly younger than the two CAD groups (P ϭ 0.02). On cardiopulmonary stress testing, control subjects were able to exercise to a higher peak heart rate (P Ͻ 0.001), achieving a higher peak V O 2 (P Ͻ 0.001). The time domain measures of HRV and the HF power were significantly lower in the CAD group with depressed LVEF compared with controls and the CAD group with preserved LVEF. The LF power differed significantly among all three groups, with the controls exhibiting the highest value and the CAD group with depressed LVEF exhibiting the lowest. The LF-to-HF ratio did not differ among the groups.
The vast majority of CAD subjects were on medical therapy including ␤-blockers, angiotensin-converting enzyme inhibitors/ angiotensin receptor blockers, aspirin, and statins. Overall fitness levels, as noted by the peak V O 2 , were excellent in all three groups. During the 16-min study exercise protocol, 80% of controls attained 100 W, whereas 59% of the CAD subjects with preserved LVEF and 56% of the CAD subjects with depressed LVEF attained 100 W (P ϭ 0.19).
RR intervals during exercise and the postexercise recovery period. Figure 1 shows the change in RR intervals from rest to exercise and then in recovery for the three groups of subjects. All groups show the typical shortening of the RR interval with exercise, followed by rapid lengthening in early recovery, and more gradual lengthening in later recovery. The RR intervals at rest were slightly longer for CAD subjects (946.3 Ϯ 16.3 ms and 917.0 Ϯ 32.7 ms for preserved and depressed LVEF, respectively) than for controls (879.7 Ϯ 30.1 ms; P ϭ 0.15).
The peak exercise RR interval was shorter in the control subjects (481.5 Ϯ 15.2 ms) when compared with CAD subjects with preserved LVEF (545.7 Ϯ 8.2; P Ͻ 0.001) and CAD subjects with depressed LVEF (523.4 Ϯ 16.5; P ϭ 0.065). CAD groups with preserved and depressed LVEF did not differ between them (P ϭ 0.23). The 1-min HRR was 27.6 Ϯ 1.4 beats/min in the controls (P Ͻ 0.001 vs. both CAD groups), 19.0 Ϯ 0.8 beats/min in the CAD subjects with preserved LVEF, and 17.5 Ϯ 1.5 beats/min in the CAD subjects with depressed LVEF. CAD subjects with preserved and depressed LVEF did not differ (P ϭ 0.36).
At 30 and 45 min of recovery, the RR interval remained shorter than the resting value (P Ͻ 0.001) with no significant difference among the groups in the relative change. The RR interval at 30 min was still significantly shorter than the rest RR interval in controls (776.2 Ϯ 28.0 ms; P Ͻ 0.001), CAD subjects with preserved LVEF (843.6 Ϯ 15.2 ms; P Ͻ 0.001), and CAD subjects with depressed LVEF (804.0 Ϯ 30.3 ms; P Ͻ 0.001). The RR interval at 45 min was still significantly shorter than the rest RR interval in controls (799.4 Ϯ 29.2 ms; P Ͻ 0.001), CAD subjects with preserved LVEF (891.3 Ϯ 19.7 ms; P Ͻ 0.001), and CAD subjects with depressed LVEF (815.8 Ϯ 32.7 ms; P Ͻ 0.001). At 30 min, the RR interval was 11.5% shorter than at rest (11.8% in controls; 11.9% in CAD with depressed LVEF; 10.9% in CAD with preserved LVEF); at 45 min, the RR interval was 8.8% shorter than at rest (9.1% in controls; 9.5% in CAD with depressed LVEF; 7.9% in CAD with preserved LVEF). Relative to the peak exercise RR interval, the %RR recovery at 30 min was 75.1 Ϯ 3.4% for controls, 75.4 Ϯ 1.8% in the CAD subjects with preserved LVEF, and 71.0 Ϯ 3.7% in the CAD subjects with depressed LVEF. The %RR recovery at 45 min was 80.4 Ϯ 3.6% for controls, 84.1 Ϯ 2.4% in the CAD subjects with preserved LVEF, and 74.6 Ϯ 4.0% in the CAD subjects with depressed LVEF. There were no differences among the three groups in %RR recovery. Figure 2 demonstrates the parasympathetic effect in all three groups. Toward the end of exercise, after atropine was administered, parasympathetic effect on the RR interval was evident in all three groups at minute 13 of exercise (P ϭ 0.06) and is clearly observable for the rest of the study (P Ͻ 0.001). The magnitude of the parasympathetic effect is comparable among the three groups. In early recovery, there is a rapid increase in parasympathetic effect in all three groups. By 2 min into recovery, the parasympathetic effect has reached its plateau level and remains relatively stable for the remaining duration of the recovery period. The mixed effects model estimates of parasympathetic effect at 45 min in recovery were 212.0 Ϯ 20.7 ms in the controls, 206.7 Ϯ 12.1 ms in the CAD group with preserved LVEF, and 189.9 Ϯ 22.7 ms in the CAD group with depressed LVEF.
Parasympathetic effect.
Plasma catecholamine levels. Figure 3 demonstrates the results of the mixed effects model analysis for the plasma catecholamines. Resting plasma epinephrine levelswere 43.8 pg/ml (95% confidence interval 39.8 -48.1) and norepinephrine levels were 559.9 pg/ml (521.6 -601.1). There were no significant differences among the three groups.
At 8 and 15 min of exercise, plasma epinephrine and norepinephrine increased relative to rest (P Ͻ 0.001) in the CAD group with preserved LVEF and in the CAD group with depressed LVEF. In the controls, all but the epinephrine level at 8 min were also significantly increased (P Ͻ 0.001).
During early recovery, there was a rapid decrease in plasma epinephrine and norepinephrine levels followed by a slower decline over the 45-min course of recovery. Throughout exercise and recovery, plasma catecholamine levels were lower in controls than in subjects with CAD (P Ͻ 0.03); there were no differences in plasma catecholamine levels between the CAD subjects with preserved versus depressed LVEF (P Ͼ 0.51).
At 30 min of recovery, epinephrine levels remained above their resting values for CAD subjects with depressed LVEF (P Ͻ 0.04) and subjects with preserved LVEF (P ϭ 0.07) but were not different for healthy controls (P ϭ 0.7). At 45 min in recovery, CAD subjects with depressed LVEF showed a strong trend toward higher epinephrine levels compared with baseline shown only for selected time periods) RR interval shown for each study group at rest, during exercise, and during recovery. Day 1 data represent baseline (no blockade), and during day 2 testing parasympathetic blockade with atropine was administered beginning at 12 min of exercise. The RR intervals after atropine were significantly shorter in all study groups (P Ͻ 0.001). CAD, coronary artery disease; LVEF, left ventricular ejection fraction.
(P ϭ 0.05), whereas healthy controls and CAD patients with preserved LVEF did not differ from baseline (P Ͼ 0.6). Norepinephrine levels remained above the resting levels for all three groups at both 30 and 45 min of recovery (P Ͻ 0.04). At 30 min of recovery, the norepinephrine levels were 15% higher than at rest; at 45 min, the norepinephrine levels were 12% higher than at rest.
After the administration of atropine, plasma epinephrine and norepinephrine levels declined relative to those obtained without atropine (Fig. 3) . Even at peak exercise, plasma norepinephrine was reduced after parasympathetic blockade (P ϭ 0.03), but the difference was not significant for epinephrine. During recovery after parasympathetic blockade with atropine, plasma epinephrine and norepinephrine levels generally declined to resting or below resting levels by 10 min into recovery. Norepinephrine levels for CAD patients with preserved LVEF remained above resting levels at 10 min of recovery (P ϭ 0.02).
Determinants of late (30 min) RR interval recovery and 1-min HRR.
To evaluate predictors of late RR interval recovery, we considered a variety of clinical factors (age, sex, body mass index, CAD, LVEF, HRV), results from the cardiopulmonary stress test (exercise time, peak heart rate, peak V O 2 , anaerobic threshold, RPE), and a variety of parameters from the study stress test (resting RR, RR at peak exercise, change in norepinephrine level at peak exercise to 10 min of recovery, mean parasympathetic effect during recovery, 1-min HRR). Since parasympathetic effect plateaued after 2 min, we calculated the mean parasympathetic effect for each subject between minutes 5 and 10 for this analysis. Sympathetic effects in recovery were estimated by the change in plasma norepinephrine levels from peak exercise to the 10th min of recovery.
Univariate predictors of %RR recovery at 30 min are shown in Table 2 . In the multivariable model for %RR recovery at 30 min, peak heart rate on the cardiolpulmonary stress test (P ϭ 0.006), maximum V O 2 (P ϭ 0.04), RR interval at peak submaximal bicycle exercise (P ϭ 0.002), and HRR during the first minute after exercise (P ϭ 0.05) were independently associated with %RR recovery at 30 min. All of these variables showed positive association with the outcome except for maximum V O 2 .
Univariate predictors of HRR during the first minute after exercise are shown in Table 3 . In the multivariable model for HRR, RR interval during peak bicycle exercise and parasympathetic effect at 1 min in recovery emerged as the strongest independent predictors of HRR (P Ͻ 0.001). Multivariable relationship was negative with RR at peak exercise and positive with parasympathetic effect at 1 min.
Other findings. A subgroup analysis was performed to evaluate the effect of ␤-blocker treatment on both parasympathetic effect and plasma catecholamines. This was performed only in the CAD group with preserved LVEF since there were subjects who were taking and not taking ␤-blockers. Although ␤-blocker therapy was associated with a longer resting RR interval (966.7 Ϯ 16.8 ms vs. 851.5 Ϯ 33.5 ms; P ϭ 0.003), there was no significant effect on parasympathetic effect in recovery (P ϭ 0.08). There was no significant difference in the plasma catecholamine response to exercise and recovery.
DISCUSSION
Our findings demonstrate that a brief 16-min period of moderate exercise is associated with a prolonged period of sympathoexcitation in the postexercise recovery period extending more than 45 min. Surprisingly, this physiology is apparent and quantitatively similar among controls, subjects with CAD and preserved LVEF, and subjects with CAD and depressed LVEF. Parasympathetic reactivation occurs early after exercise and is also surprisingly quantitatively similar in controls and subjects with CAD. Contrary to expectations, even subjects with CAD and left ventricular dysfunction had similar parasympathetic effects during recovery compared with controls and CAD subjects with normal left ventricular function, despite having lower resting HRV. In addition, these subjects had similar sympathoexcitation in late recovery to those with CAD and normal left ventricular function. Clinical factors and mark- Fig. 3 . Mean (Ϯ SE) plasma epinephrine and norepinephrine levels for each study group at rest and during selected times during exercise and recovery. Day 1 data represent baseline (no blockade). During day 2 testing, parasympathetic blockade with atropine was administered beginning at 12 min of exercise. See Plasma catecholamine levels for details of significant changes in plasma epinephrine and norepinephrine levels.
ers of fitness do not predict the degree of sympathoexcitation in the late postexercise recovery period. These findings have important implications regarding the potential role of exercise and the postexercise recovery period in precipitating cardiac events.
Autonomic changes that occur with exercise and in the postexercise recovery period are well described. Exercise is associated with parasympathetic withdrawal and sympathoexcitation. Interestingly, it has been unclear how complete the parasympathetic withdrawal that occurs during exercise is. In a prior study of normal subjects performing maximal symptom limited exercise tests, it was found that even during peak exercise there was residual parasympathetic effect (22) . In the present study, similar parasympathetic effect was noted after submaximal exercise in all three groups, even among CAD subjects with left ventricular dysfunction.
In the postexercise recovery period, there is typically parasympathetic reactivation and sympathetic withdrawal. Al- though the relative timing of these changes has been debated (15, 22, 36) , it has become clear that parasympathetic reactivation occurs predominantly early in recovery. The present study demonstrates that beyond the first few minutes of recovery, parasympathetic reactivation is essentially complete and that the degree of parasympathetic reactivation is similar in all three groups. Surprisingly, the group of CAD subjects with left ventricular dysfunction that were studied did not have depressed parasympathetic effect in recovery. Although these subjects did not have active congestive heart failure, they did have lower resting HRV. Specifically, the time domain parameters and the HF power, considered to be a marker of parasympathetic effect, were significantly lower in this group compared with the other two groups. The normal (same as controls) parasympathetic effect observed during exercise and recovery in CAD subjects, whether or not left ventricular dysfunction was present, could reflect a selection bias of well-treated individuals who are clinically stable or may generally characterize parasympathetic effects in these groups. If the former is correct, this highlights the potential benefits of good medical therapy. Prior studies from our group evaluating the parasympathetic effects on a variety of cardiac electrophysiological parameters using noninvasive programmed stimulation in patients with implanted devices during exercise and recovery have also noted no major differences between those with preserved LVEF (21) and those with depressed LVEF (7). Further studies will be needed to place this novel finding into perspective in the larger context of patients with CAD. With regard to the sympathoexcitation associated with exercise and recovery, there was an increase in catecholamine levels in the subjects with CAD. However, these subjects were mostly being treated with ␤-blockers; therefore, direct comparisons between the CAD subjects and controls cannot be made. Nevertheless, the time-dependent changes with exercise and recovery are revealing. Persistent elevation in the plasma catecholamines was noted at 45 min compared with rest, accompanied by a persistent elevation in the heart rate. Although other studies have demonstrated persistent (up to 60 min) elevation of the heart rate after more prolonged and heavy exercise (11, 17, 37) , this is the first study, to our knowledge, to demonstrate this finding in the clinically important CAD population with a relatively short duration of exercise of moderate intensity and persisting for 45 min. Persistent elevation of norepinephrine levels beyond 10 min after exercise has also been reported (40) , although multiple small studies using a variety of different exercise protocols have yielded variable results (3, 13, 14, 16, 33, 35) .
The precise duration of sympathoexcitation following exercise has not been well characterized. Several studies (11, 17) that have monitored the heart rate after exercise to 30 min of recovery have revealed that the heart rate does not recover to baseline values within this time frame, although these studies have incorporated more intense exercise. Interestingly, persistent elevation in the heart rate at 30 min is even noted in well-trained marathon runners. In the present study, at 30 min of recovery, the RR interval was still 11% to 12% shorter than at baseline and at 45 min was 8% to 9% shorter than at baseline. The persistent elevation of plasma norepinephrine levels at this time confirms the persistent sympathoexcitation for at least 45 min after brief, moderate exertion. The identification of the postexercise recovery period as a time for increased risk of sudden cardiac death (1) and myocardial infarction (30) highlights the importance of this finding. However, the pathophysiological consequences of this persistent sympathoexcitation need to be further explored.
The role of adrenergic activation in arrhythmogenesis is well established (10, 28, 29) . Circadian changes coincide with a morning increase in sudden cardiac death (31, 41) , which is blunted by propranolol (34) . This is further supported by the effects of ␤-blockade to blunt the diurnal variation in ventricular refractoriness (23) . Sympathetic nerve remodeling following myocardial infarction is postulated to be another mechanism, which increases the probability of ventricular tachycardia, ventricular fibrillation, and sudden cardiac death (5, 6) . Adrenergic activation is known to occur in the face of mental or physical stress. In patients with exercise-induced ventricular tachycardia and normal coronary arteries, HRV analysis has suggested increased sympathetic tone as a possible precipitant (32) . Anger and modest physical activity have been shown to be associated with shocks in patients with implantable cardioverter-defibrillators (24) . In another study, physical stress provided the potential trigger for ventricular arrhythmias detected and treated by an implantable defibrillator in 26% of cases. Mental stress and sexual activity were potential triggers in 24% and 2%, respectively (12) . Circulating catecholamines released during exertion are thought to be a potential trigger for rupture of vulnerable plaques with thin caps, thereby leading to sudden death (4) .
The decline in plasma catecholamine levels after parasympathetic blockade is an interesting finding. Atropine is a muscarinic receptor blocker. Because muscarinic blockade has been shown to increase norepinephrine release in the setting of nicotinic agonists (27) , it is unlikely that atropine, a muscarinic blocker, exerts a direct effect to decrease plasma catecholamine levels. Thus the observed reduction in plasma catecholamines is likely related to reflex inhibition due to a change in a physiological parameter. The changes are most likely mediated by the carotid artery and aortic arch baroreceptors, which are involved in important feedback loops that regulate heart rate and blood pressure.
Limitations. This study focused only on relatively brief, modest intensity exercise. It is possible that the findings would be even more dramatic with longer duration or higher intensity exercise. It is also possible that longer duration or higher intensity exercise would uncover group differences that were not noted with the intensity and duration of exercise used in this study. However, the type of exercise studied is more characteristic of typical levels of exertion performed by individuals in the community, heightening the relevance of these findings. In addition, subjects were studied on medications, including 86% on ␤-blockers. Although this most certainly affects sympathetic activation, evaluation of time-dependent effects compared each individual's heart rate and plasma catecholamine levels to his or her baseline. Furthermore, this is the clinically most relevant state to assess.
The data presented have been interpreted as showing complete or near complete parasympathetic reactivation early in recovery and persistent sympathoexcitation in later recovery. Because the parasympathetic effect at rest was not assessed in this study, it is difficult to rule out incomplete parasympathetic reactivation during the 45-min recovery period. However, it is unlikely to be of major significance for the following reasons. In a prior study of nine subjects with a mean age of 59 years and normal left ventricular function, parasympathetic effect, as measured in the present study, was 247 Ϯ 140 ms at rest and 209 Ϯ 114 ms at 1 min of recovery (21) . As noted in Fig. 2 , there is substantially more parasympathetic effect at 2 min of recovery compared with 1 min and no further change over the course of recovery. This plateau of parasympathetic effect therefore likely represents complete or near complete parasympathetic reactivation.
Finally, the assessment of sympathoexcitation in exercising humans can be challenging (38) . Although plasma catecholamines are certainly a marker of sympathoexcitation, they provide only a rudimentary assessment. However, coupled with the elevated heart rate, the data are convincing. Nevertheless, regional differences in sympathetic innervation and adrenergic receptor density and/or responsiveness could result in variable effects at different sites in the heart.
Implications. The findings from our study have several important implications. First, it demonstrates that the period of increased risk for postexercise cardiac events may be as far out as 45 min after submaximal exercise. Our subjects exercised for only 16 min and achieved a peak heart rate of only 112 Ϯ 13 beats/min. With more vigorous exercise, the period of risk could be longer. Future studies examining cardiac event risk after exercise need to consider these factors when determining the period for which monitoring will continue. Given that the relative risk for sudden death during and after vigorous exercise is 16.9 relative to sedentary periods, and because this risk is likely due to increased sympathetic activation, further studies are needed to address the pathophysiological link between sympathoexcitation after exercise and cardiac events.
